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Magnetohydrodynamic modeling of the global solar corona *
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A three-dimensional magnetohydrodynamic model of the global solar corona is described. The
model uses observed photospheric magnetic fields as a boundary condition. A version of the model
with a polytropic energy equation is used to interpret solar observations, including eclipse images
of the corona, Ulysses spacecraft measurements of the interplanetary magnetic field, and coronal
hole boundaries from Kitt Peak He 10 830 Å maps and extreme ultraviolet images from the Solar
Heliospheric Observatory. Observed magnetic fields are used as a boundary condition to model the
evolution of the solar corona during the period February 1997–March 1998. A model with an
improved energy equation and Alfve´n waves that is better able to model the solar wind is also
presented. ©1999 American Institute of Physics.@S1070-664X~99!94805-X#
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I. INTRODUCTION

The sophistication of models of the solar corona has
creased considerably since the idealized models of
1980’s ~e.g., see Mikic´1 and Low2 for examples of early
models!. This has been brought about by a confluence
three key elements. First, the collection of high-resolut
observations of the Sun, both in space and time, has gr
tremendously. For example, consider the changes in our
ception of the Sun brought about by Yohkoh3 images of the
x-ray Sun; Ulysses measurements of the polar solar win4

high-resolution white-light movies of solar granulatio
high-resolution vector magnetographs of active regions;5 So-
lar Heliospheric Observatory~SOHO! high-resolution im-
ages of the photospheric magnetic field, white-light coro
graph, and extreme ultraviolet~EUV! images of the corona
and energetic particle and solar wind composition meas
ments. The space-based observations are nicely com
mented by an extensive archive of ground-based obse
tions@in particular, magnetic field measurements at Kitt Pe
National Solar Observatory~NSOKP! and Wilcox Solar Ob-
servatory~WSO!; He 10 830 Å observations of coronal ho
boundaries at NSOKP; Mauna Loa coronagraph images;
interplanetary scintillation~IPS! measurements#. Second, the
power and availability of supercomputers has made two-
three-dimensional modeling routine; the increase in comp
ing power that massive parallelism promises will extend
possibilities for realistic modeling even further. Third, th
sophistication of the models themselves, both in their g
metrical realism and the physics that has been included,
matured significantly.

The application of magnetohydrodynamic~MHD! coro-
nal models to these solar observations has begun to ex
this confluence of capabilities. It is now possible to ma
direct comparisons between observations and models o
solar corona, as illustrated below. The development of
modeling capability is especially timely, since the obser

*Paper D2I2.4 Bull. Am. Phys. Soc.43, 1700~1998!.
†Invited speaker.
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tions from present missions@including the recently launched
transition-region and coronal explorer~TRACE! mission#
and coming missions@Solar-B, set for launch in 2004, wil
provide high-resolution measurements of vector magn
fields, x-ray, and EUV emission in active regions; the Sol
Terrestrial Relations Observatory~STEREO! will take coro-
nal images from multiple viewpoints; and Solar Probe w
explore the inner solar corona# have challenged our under
standing of the Sun.

To fully exploit the available data it is necessary to app
sophisticated models that use observational data as in
and that produce observable quantities as outputs. Thro
this interplay of observations and theory we can improve
understanding of the Sun and heliosphere. In this paper
show examples of how large-scale models of the solar
rona can be used to make detailed comparisons with ob
vations.

II. POLYTROPIC MHD MODEL

A self-consistent description of the large-scale solar
rona requires the coupled interaction of magnetic, plas
and solar gravity forces, including the effect of the so
wind. For simplicity we first describe a ‘‘polytropic model,’
in which an adiabatic energy equation with a reduced po
tropic indexg ~i.e., smaller than 5/3! is used.6 This is a crude
way of modeling the complicated thermodynamics in the
rona with a simple energy equation. The primary motivati
for using a reducedg is the fact that the temperature in th
corona does not vary substantially~the limit g→1 corre-
sponds to an isothermal plasma!. A typical choice, used here
is g51.05. Detailed comparisons of our results with coron
observations indicate that while this model matches m
features of the corona~as shown below!, it is not accurate
enough to quantitatively reproduce the properties of the
rona and solar wind. In particular, this simple model fails
reproduce the fast~;800 km/s! and slow~;400 km/s! solar
wind streams4 that are measured at Earth, nor does it rep
duce the contrast in density and temperature that is obse
7 © 1999 American Institute of Physics
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between streamers and coronal holes. An improved mo
that does not suffer from these limitations is presented
Sec. IV.

Theoretical arguments indicate that magnetic reconn
tion is crucial to describe the structure and dynamics of
solar corona.7–9 Yohkoh observations also present stro
evidence for the importance of magnetic reconnection.10 We
therefore include the effect of plasma resistivity~with the
important caveat that numerical models require the resisti
to be enhanced compared to coronal values11!. In the resis-
tive MHD model, the coronal plasma is described by t
following equations:

¹3B5
4p

c
J, ~1!

¹3E52
1

c

]B

]t
, ~2!

E1
1

c
v3B5hJ, ~3!

]r

]t
1¹–~rv!50, ~4!

rS ]v

]t
1v–¹vD5

1

c
J3B2¹p2¹pw1rg1¹–~nr¹v!,

~5!

]p

]t
1¹–~pv!5~g21!~2p¹–v1S!, ~6!

whereB is the magnetic field,J is the electric current den
sity, E is the electric field,r, v, p, andT are the plasma mas
density, velocity, pressure, and temperature, and the w
pressurepw represents the acceleration due to Alfve´n waves
~see Sec. IV!. The gravitational acceleration isg
52g0r̂ /r 2, h is the resistivity,n is the kinematic viscosity,
andS represents energy source terms. The plasma pressu
p5(ne1np)kT, wherene andnp are the electron and proto
densities; for a hydrogen plasma,ne5np . The polytropic
model is defined by settingg51.05 andS50 in Eq.~6!, and
zero Alfvén wave pressure in Eq.~5!, pw50.

We have developed a three-dimensional code~3D!11,12

to solve the MHD equations~1!–~6! in spherical coordinates
(r ,u,f). This code has been used extensively to model
2D and 3D corona, including the structure of helm
streamers,13–15 coronal mass ejections,11,16–19and the long-
term evolution of the solar corona and heliospheric curr
sheet~see Sec. III!. Related methods have been developed
Usmanov20,21 and Pisanko.22 The following boundary condi-
tions are used.14,17,19The radial magnetic fieldBr is specified
at the solar surfacer 5Rs ~e.g., from synoptic magnetic field
observations at NSOKP and WSO, or from full-disk magn
tograms!. This field may evolve in time~see Sec. III!. The
boundary conditions on the velocity are determined from
characteristic equations alongB. The plasma pressure, a
well as the plasma density in regions where the radial ve
ity is positive, are specified atr 5Rs . ~In the calculations
presented here, the boundary values ofp andr were chosen
to be uniform.! Characteristic equations are also used at
el
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upper radial boundary, which is placed beyond the sonic
Alfvén points~typically at r 530Rs , although we have per
formed simulations that have included Earth’s orbit in t
domain,19 and beyond!.

Typical parameters for the quiet corona23 yield a value
for the Lundquist number ofS;1013. Since it is not possible
to perform well-resolved numerical computations11 at this
large value ofS, we must content ourselves with calculatio
at lower, but still substantial, values ofS;103– 104. We also
use finite viscosityn corresponding to a viscous diffusio
time tn;102– 103tA , where tn5Rs

2/n, tA5Rs /vA is the
Alfvén transit time, andvA is the Alfvén speed. At the lower
values ofS used in the simulations we expect that the sta
current sheets in the solution~e.g., the heliospheric curren
sheet! will form in approximately the correct location, bu
will be broader than those in the corona.

Pneuman and Kopp24 developed the first 2D model o
helmet streamer equilibria by solving the steady-state M
equations. Our approach, and that used in many other ca
lations, is to integrate the time-dependent MHD equations
steady state.25–29The following initial condition is used. For
the givenBr distribution atr 5Rs , a potential magnetic field
(¹3B50) is calculated in the corona, and a transon
spherically symmetric wind solution6 is used to specifyp, r,
and v. The MHD equations are integrated in time until th
plasma and magnetic fields settle into equilibrium. The fi
state has closed magnetic field regions~helmet streamers!,
where the solar wind plasma is trapped, surrounded by o
fields ~coronal holes!, where the solar wind flows freely
along magnetic field lines, accelerating to supersonic spe
This model has also been used to study dynamic event
the corona, including coronal mass ejections~CMEs!;11,16–19

this aspect will not be addressed in the present paper.

A. Comparison with eclipse images

Total solar eclipses offer an excellent opportunity to o
serve coronal streamers. The white-light polarized brightn
of the corona that can be measured during an eclipse ca
simulated from our MHD solution by integrating the electro
density along the line of sight in the plane of the sky~con-
volved with a scattering function30 and filtered with a radi-
ally graded filter to mimic the effect of instrument ‘‘vignet
ing’’ !. Our first attempt to model the corona13,14 was
performed subsequent to the eclipse of 3 November 19
observed in Chile. Since then, we have made threepredic-
tions, before the actual eclipse date, using magnetic field d
from the previous solar rotation, for the eclipses of 25 Oc
ber 1995,19 seen in Vietnam and India; 9 March 1997, se
in Siberia, China, and Mongolia; and 26 February 1998, s
in the Caribbean. These predictions were published on
World Wide Web prior to the eclipses. We used NSOKP a
WSO synoptic magnetic field maps for the calculations. T
comparison of simulated polarization brightness with eclip
images is shown in Fig. 1. Comparisons with Mauna L
MK3 coronagraph observations on several days during
solar rotations surrounding the eclipses have confirmed
the basic large-scale three-dimensional structure of
streamer belt has been captured in the model. The agree
between the model and the eclipse images is quite go
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FIG. 1. Comparison of MHD computations of the solar corona with total solar eclipse observations. The 3 November 1994 eclipse was modeled s
to the eclipse; the other three calculations were predictions, performed in advance of the eclipse date, using magnetic field data from NSOKP and
the images are shown with geocentric north up, except for the 1997 eclipse, which has solar north up.~The sources of the eclipse images are listed in
Acknowledgments section.!
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especially considering that three of the cases are predicti
Note, however, that these eclipses occurred close to s
minimum, when the large-scale structure of the Sun chan
slowly between solar rotations. We are planning to pred
the state of the corona during the forthcoming total so
eclipse in August 1999, which will be seen in central a
eastern Europe, the Middle East, and western Asia. This
diction will be our most challenging yet, since this eclip
will occur close to solar maximum, when the structure of t
corona is expected to be considerably more complicated,
changing more rapidly, than for the cases we have simula
previously.

B. Comparison with Ulysses measurements

The coronal magnetic field not only defines the struct
of the solar corona, but the position of the heliospheric c
rent sheet~HCS!, and the regions of fast and slow solar win
as well. Understanding how the Sun influences the struc
of the inner heliosphere requires an accurate mapping of
s.
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photospheric magnetic field into the corona and beyo
Source–surface models31–38provide predictions of the struc
ture of the magnetic field in the corona and heliosphe
Source–surface models are relatively simple to apply,
have yielded important insights into the structure of the
liosphere, but a number of aspects of the Ulysses data are
described well by these models.39–41 In particular, the latitu-
dinal profile of the radial magnetic field and the extent of t
HCS predicted by source–surface models show signific
discrepancies from Ulysses observations. During May–J
1993 the Ulysses spacecraft, which was located at 30 °S
tude, ceased to observe sector boundary~i.e., HCS!
crossings.39 The ‘‘classic’’ Wilcox source–surface
model34,35 predicted that Ulysses would cross the hel
spheric current sheet, whereas the MHD simulation corre
predicted no crossing.13,19The radial magnetic field from the
MHD computation shows little latitudinal variation, consi
tent with Ulysses observations, in contrast to the sourc
surface model result. This agreement with Ulysses data i
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cates that MHD computations may provide a better way
mapping phenomena in the solar wind back to their origin
the solar corona.

The Ulysses fast latitude scan~February–April, 1995!
was a time period during which the Ulysses spacecraft
versed rapidly from southern polar latitudes of the Sun
northern polar latitudes, and offers another opportunity
test the MHD model.19 Figure 2 shows that the HCS stru
ture predicted by the MHD model generally matches Ulys
measurements of the magnetic field polarity. A more deta
analysis of the HCS crossings19 shows consistency betwee
the measurements and the model. We also used the M
model ~by tracing magnetic field lines back to the Sun,
conjunction with ballistic mapping in the region outside t
computation! to deduce the solar origin of plasma observ
at Ulysses. The results suggest that the fast solar wind
erally comes from deeper within coronal holes than does
slow wind.42

C. Whole Sun Month comparison

MHD modeling is particularly useful for studying th
solar corona and solar wind when a coordinated set of ob

FIG. 2. Heliospheric current sheet for Carrington rotation 1892 and
Ulysses trajectory~February–April, 1995!, in the rotating frame of the Sun
The color of the trajectory indicates the polarity of the magnetic field,
measured by Ulysses. Two views of the HCS are shown,~a! from above the
HCS, and~b! from below the HCS. The large-scale polarity of the magne
field is consistent with that predicted by the MHD model~positive above the
HCS, negative below!; the short-scale differences may be due to Alfv´n
waves and to structures that have not been included in the limited-resol
calculation. The MHD calculation was performed up to 400 solar ra
Ulysses was at a distance of;1.4 astronomical units~AU! from the Sun at
this time.
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vations is available, since it can help to synthesize differ
measurements into a coherent picture. The Whole S
Month campaign~WSM; 10 August–8 September, 1996!
brought together a wide range of space and ground-ba
observations during solar minimum. Our MHD model w
used to interpret coronagraph and EUV images,15,43 inter-
planetary scintillation measurements of the solar w
speed,44 and the structure of corotating interaction regio
~CIRs! as deduced from energetic particle measurements45

The ‘‘elephant’s trunk’’ coronal hole, an equatorial e
tension of the northern polar coronal hole, named on acco
of its shape, was perhaps the most conspicuous coronal
ture observed during WSM, and was apparent in several
ferent wavelengths, including SOHO Extreme Ultravio
Imaging Telescope~EIT! images, NSOKP He 10 830 Å
maps, and Yohkoh soft x rays. It was most visible arou
26–27 August 1996. Figure 3 shows tracings of the magn
field from the MHD model as they would appear on 27 A
gust 1996, with coronal holes~i.e., regions with open field
lines, colored black! and closed-field regions~gray! mapped
on the surface of the Sun. For comparison, NSOKP coro
hole boundaries and SOHO/EIT EUV images are a
shown. It is apparent that the MHD model reproduces
elephant’s trunk coronal hole,15 although the observation
show that the coronal hole extends to lower latitudes th
predicted by the model.

We also investigated the solar origins of features o
served by the Ulysses and Wind46 spacecraft during WSM.
The slow solar wind maps back close to coronal hole bou

e

s

on
.

FIG. 3. Comparison of the MHD model with coronal holes seen in d
measurements on 27 August 1996. The ‘‘elephant’s trunk’’ coronal h
~extending from the north pole past the equator! can be seen in both the
simulation and the data. The NSOKP coronal hole map is deduced from
10 830 Å images. The SOHO/EIT images are in EUV wavelengths.
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aries, while the fast wind typically comes from deeper with
coronal holes, a pattern similar to that seen during the
ysses fast latitude scan~Sec. II B!. The model also predicts
HCS crossings by Wind~but not by Ulysses! during the
WSM time period.15 Wind HCS crossings similar to thos
predicted were in fact observed.

III. MODELING CORONAL EVOLUTION

In the previous section we used our model to find stea
state coronal solutions for a given distribution of pho
spheric magnetic field. This approach is limited to the stu
of the long-time properties of the solar corona. In reali
even if we neglect large-scale eruptions like coronal m
ejections, the corona is changing continuously, even du
times of solar minimum. This changing structure is driven
changes in the photospheric magnetic field; active regi
emerge and disperse continuously during the solar cycle.
have extended our model to incorporate the evolution of
photospheric magnetic field, so that we can now follow
evolution of the corona. This gives us the capability to stu
the long-term evolution of the corona~as shown below!, the
detailed evolution during a time period of interest~e.g., dur-
ing Whole Sun Month!, as well as the ability to study theo
retically the coronal consequences of changes in ph
spheric magnetic flux.

When we seek steady-state solutions of Eqs.~1!–~6!, we
set the tangential component of the electric field at
boundary,Et0

, to zero. This keepsBr 0
(Br at r 5Rs) fixed in

time. To make the flux evolve to match observed change
is necessary to specify a nonzeroEt0

. In general,Et0
can be

expressed as¹ t3C r̂1¹ tF, whereC and F are arbitrary
functions~of u andf! and¹ t indicates tangential derivative
~in the u-f plane atr 5Rs). The potentialF changesEt0
without changing the fluxBr0 , and can be used to control th
transverse magnetic field~i.e., the shear and the normal ele
tric current!, whereas the potentialC changes the flux. Since
line-of-sight magnetograms do not provide informati
about the transverse component of the magnetic field,
only consider the caseF50 here. Note that a nonzeroF can
be used to introduce shear into the field18 and to match vec-
tor magnetic field measurements.47 The potentialC is ob-
tained by solving the equationc¹ t

2C5]Br 0
/]t. Therefore,

C is evaluated as new solar magnetic field measurem
become available, specifying the evolution ofEt0

, which is
used as a boundary condition for the MHD equations.

Thus, rather than computing a sequence of steady-s
solutions for each set of magnetic field boundary values,
time-dependent MHD model now represents the actual s
of the corona corresponding to the evolving magnetic fi
measured on the surface of the Sun. We have used a
quence of synoptic Kitt Peak magnetic field observations
study the evolution of the corona during the period 1 Feb
ary 1997–18 March 1998~14 Carrington rotations!. This
time interval covers the beginning of the new solar cycle,
the Sun emerges from solar minimum, and includes
emergence of high-latitude active regions. To model the e
lution over a time interval of over a year is computationa
l-
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prohibitive at present. In order to study the quasistatic e
lution of the corona, we changed the photospheric magn
field at a rate that was enhanced by approximately ten tim
compared to real time.48 This approximation makes it impos
sible to study the detailed evolution of individual even
though it is still meaningful to study the quasistatic evoluti
of the large-scale structure of the corona. Figure 4 shows
evolution of the streamer structure, the coronal hole bou
aries, and the heliospheric current sheet during this time
riod. Note the increase in complexity of the coronal magne
field as the Sun emerges from solar minimum. The outpu
this model can easily be compared with coronal obser
tions, as was demonstrated in Sec. II.

IV. IMPROVED MHD MODEL

Detailed comparisons of our model with observation
such as those presented in Sec. II, have forced us to con
the limitations of the polytropic MHD model. While the
polytropic model matches many features of the corona
does not reproduce the properties of the fast and slow s
wind or the large contrast in density and temperature
tween streamers and coronal holes. We have improved
model by including the physical mechanisms that descr
the transport of energy in the corona and solar wind. O
dimensional models have been quite successful, despite
obvious geometrical limitations, in describing th
interaction.49,50 We have improved the energy equation
our model to include the effects of parallel thermal condu
tion, radiation loss, and parameterized coronal heating,
we have included a self-consistent model for Alfve´n wave
acceleration. The source term in the energy equation~6! is
given by

S52¹–q2nenpQ~T!1Hch1Hd1D, ~7!

where Hch is the coronal heating source,D is the Alfvén
wave dissipation term,Hd5hJ21n¹v:¹v represents heat
ing due to viscous and resistive dissipation, andQ(T) is the
radiation loss function.51 In the collisional regime~below
;10Rs), the heat flux isq52k ib̂b̂–¹T, whereb̂ is the unit
vector alongB, and k i593107T5/2 is the Spitzer value of
the parallel thermal conductivity. The polytropic indexg
now becomes the ratio of specific heats,g55/3. In the col-
lisionless regime~beyond;10Rs), the heat flux is modeled
by q5anekTv, wherea is a parameter.52 Since it is pres-
ently not known in detail what heats the solar corona,9 the
coronal heating sourceHch is a parameterized function. A
typical form is

Hch5H0~u!exp@2~r 2Rs!/l~u!#, ~8!

whereH0(u) expresses the latitudinal variation of the vol
metric heating, andl~u! expresses the latitudinal variation o
the scale length.@In practice, the variation can be express
in terms of the magnetic topology~i.e., a proxy for the open
and closed field regions! rather than the latitudeu.#

Since the acceleration of the solar wind by Alfve´n waves
occurs on spatial and time scales that are below the res
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FIG. 4. The changing structure of the solar corona during the period February 1997–March 1998, Carrington rotations~CR! 1919–1934, as illustrated by
coronal hole maps~longitude vs latitude, with gray/black indicating closed/open field regions!, field line traces with the radial magnetic field shown on t
surface of the Sun, polarization brightness, and the shape of the heliospheric current sheet. The HCS is shown up to 30 solar radii. The photosphe
field was set as a time-dependent boundary condition on the 3D MHD simulation using NSOKP synoptic maps.
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tion of our global numerical model, the wave pressurepw is
evolved using a WKB approximation53 for the time-space
averaged Alfve´n wave energy densitye:

]e

]t
1¹–F5v–¹pw2D, ~9!

whereF5(3/2v1vA)e is the Alfvén wave energy flux,vA

5B/A4pr is the Alfvén speed, andpw5e/2. The Alfvén
wave velocity isvA56b̂vA ; in a multidimensional imple-
mentation, it is necessary to transport two Alfve´n wave fields
~waves parallel and antiparallel toB!, which are combined to
give e. The Alfvén wave energy densitye is related to the
space-time average of the fluctuating component of the m
netic fielddB by e5^dB2&/4p. The dissipation termD ex-
presses the nonlinear dissipation of Alfve´n waves in inter-
planetary space and is modeled phenomenologically.52
g-

The boundaryr 5Rs is now chosen to be at the top of th
transition region, at a given temperature~say T0

5500 000 K). The density atr 5Rs is determined by balanc
ing radiation loss, thermal conduction, and heating within
chromosphere and transition region.49 In this formulation,
the only boundary conditions required from observations
on the radial magnetic field. Instead of specifying a nonu
form temperature at the coronal base to express the obse
variation of temperature between streamers and coro
holes, as would be required in the polytropic model, we n
specify the distribution of coronal heating. By investigatin
how MHD solutions compare with observations it will b
possible to test different coronal heating models, and, ev
tually, when the coronal heating process is better underst
to relate the heating source to physical quantities.

This formulation has been applied to a 2D~axisymmet-
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ric! model of the corona. Extensive tests show that a non
form heating profile, together with Alfve´n waves, can repro
duce the speed, mass flux, density, and temperature o
fast and slow solar wind at Earth. The coronal density c
trast is much improved compared to the polytropic mod
coronal streamers are 5–10 times denser than coronal h
The model is presently being extended to 3D.

V. CONCLUSION

The last decade has seen a marked increase in the
phistication of models of the solar corona. Present mod
have improved geometrical realism, improved physics,
able to use solar observations directly as boundary co
tions on the calculations~e.g., measured photospheric ma
netic field!, and can model the evolving solar corona. W
have presented comparisons between a 3D MHD model
observations of coronal and heliospheric structure. T
agreement between simulated coronal structure and obs
tions is encouraging, implying that the models are mat
enough for detailed analysis. Such 3D models will undou
edly find increased use in interpreting solar observations
developing up-to-date models of the solar corona. Ye
must be recognized that we have only begun to ‘‘scratch
surface’’ of what is possible. Despite these advances, s
of the fundamental theoretical questions in solar physics
main unsolved@e.g., what initiates CMEs and flares; what
the relationship between CMEs and flares; how do coro
magnetic structures emerge, evolve, and erupt; what h
the solar corona?#. Continued comparisons of model predi
tions and observations will help to answer these key qu
tions and provide new insights into the physics of the coro
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14J. A. Linker, Z. Mikić, and D. D. Schnack,Solar Drivers of Interplanetary
and Terrestrial Disturbances, edited by K. S. Balasubramaniam, S. L
Keil, and R. N. Smartt~Astronomical Society of the Pacific, 1996!, Conf.
Series Vol. 95, p. 208.
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